Adenosine is a purine nucleoside that can signal through four distinct receptors (A1R, A2AR, A2BR and A3R) 5 . The adenosine A1 receptor (A1R) has been shown to play an essential role in pain sensation with analgesic effects and is expressed in astrocytes, which contribute substantially to the neuropathic pain maintenance 6 . Adenosine regulates the synthesis and secretion of cytokines 7, 8 and impacts astrocyte proliferation 9 . In the current study, we hypothesized that A1R plays a key role in EA-mediated inhibition of astrocyte activation. We investigated the relationship between A1R and EA in a rat sciatic nerve chronic constriction injury (CCI) model.
METHODS

Animals and group assignment
Male Sprague-Dawley rats (200-250 g) were purchased from the Animal Center of Wenzhou Medical University. Protocols involving the use of the animals were approved by the Wenzhou Medical University Animal Policy and Welfare Committee (approval documents: wydw2014-0001), and all procedures were designed to minimize discomfort in the animals.
The 33 animals were randomly divided into six groups (n = 5-7): (1) Sham-CCI group, received sham CCI surgery; (2) CCI group, received CCI surgery; (3) CCI+EA group, received CCI surgery, and EA treatment on day seven after CCI; (4) CCI+8-cyclopentyl-1,3-dipropylxanthine (DPCPX) group, received CCI surgery, and intrathecal injection of DPCPX on day seven after CCI; (5) CCI+DPCPX+EA group, received CCI surgery, and intrathecal injection of DPCPX followed by EA on day seven after CCI; and (6) CCI+dimethyl sulfoxide (DMSO)+EA group, received CCI surgery, and intrathecal injection of solvent control DMSO, followed by EA on day seven after the CCI.
The CCI surgery was performed one day before baseline threshold testing. Thermal hyperalgesia and mechanical allodynia were measured on day seven after CCI. After that, rats in the CCI+DPCPX, CCI+DPCPX+EA and CCI+DMSO+EA groups received an intrathecal injection of DPCPX or DMSO respectively; EA was applied 30 minutes after intrathecal injection. The pain threshold was measured again 60 minutes after EA.
Chronic constriction injury model
To build a neuropathic pain model, we followed Bennett and Xie's protocol 10 . Briefly, rats were anesthetized with 10% chloral hydrate (0.3 g/kg, ip). The sciatic nerve of the right hind leg was exposed by blunt dissection through the biceps femoris. Four chromic gut ligatures were tied loosely around the sciatic nerve at 1 mm intervals. We used sham surgery (exposure of the sciatic nerves without ligation) as the Sham-CCI control group.
Electroacupuncture treatment
Two acupuncture needles, 0.25 mm in diameter, were inserted into the right hind leg, one in the Zusanli point (St 36, 5 mm lateral to the anterior tubercle of the tibia), and the other in the Taichong point (Lr 3, at the junction of the first and second metatarsal bones on the dorsum of the foot). Electrical stimulation was applied using G6805-AII acupuncture stimulation machine (Medical Equipment Factory, Shanghai Medical Instruments, Shanghai, China) for 30 minutes, with 1 mm intensity and 2/15 Hz frequency
11
. The rats were under anesthesia and placed into individual plastic cages with a glass bottom.
Intrathecal drug delivery
Intrathecal catheter implantation was performed as previously published
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. Briefly, rats were anesthetized with 10% chloral hydrate (0.3 g/kg, ip). An intrathecal catheter (PE-10 tube) was inserted between the L4 and L5 vertebrae and extended to the subarachnoid space of the lumbar enlargement; 7 µL 2% lidocaine and 10 µL saline were injected into the catheter after surgery. Temporary paralyzation in both hind legs indicated the correct catheterization.
Rats were allowed to recover for three days before all the procedures. Fifteen animals with motor impairment from the intrathecal catheterization were excluded from the study.
For intrathecal administration, the drugs were administered slowly by a microinjection syringe in a volume of 10µL, followed by a 10 µL saline wash. For the DPCPX injection, DPCPX (Sigma-Aldrich, USA) was dissolved in 10% DMSO (Sigma-Aldrich, USA) (10 µg/10 µL).
Assessment of hypersensitivity
All pain threshold measurements were performed between 8 a.m. and 5 p.m., and the room temperature was 20-24°C.
Mechanical allodynia
The rats were placed into an individual plastic cage with a wire mesh bottom, 20 minutes before testing. An electronic von Frey anesthesiometer (IITC Life Science, USA) was used to test the tactile threshold in the right hind paw. The probe was positioned underneath the mid-plantar surface of the hind paw (area between the third and fourth toe). The probe perpendicularly stimulated the plantar surface of the hind paw with increasing force. Brisk withdrawal or paw flinching was considered a positive response, and the paw withdrawal threshold was recorded. A cutoff value of 50 g was enforced to prevent tissue damage. The test was repeated three times at five-minute intervals and the mean value was calculated.
Thermal hyperalgesia
Thermal hyperalgesia was assessed in unrestrained rats as previously published 13 . A 336 Plantar Test Apparatus and Tail Flick Test Analgesia Meter (IITC Life Science, USA) were used. The rats were placed into an individual plastic cage with a glass bottom 20 minutes before the test. The device was activated after placing the stimulator directly beneath the plantar surface of the hind paw. The paw withdrawal latency in response to radiant heat was recorded. A cutoff time of 25 seconds was enforced to prevent tissue damage. The paw withdrawal latency was recorded and averaged over three times at five-minute intervals.
Immunohistochemistry
Once the behavior test after EA treatment was completed, rats were anesthetized with 10% chloral hydrate (0.3 g/kg, ip), and perfused transcardially with 200 ml saline, followed by 200 ml ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The lumbar enlargement (L4-L6) of the spinal cord was dissected. After dehydration, tissues were embedded in paraffin, and cut into 4 µm sections.
Antigen retrieval was performed. After exposure to 0.3% hydrogen peroxide and blocking, the sections were incubated sequentially with GFAP antibody (1:1000) (ab7260, Abcam, UK) overnight at 4°C , biotinylated goat anti-rabbit secondary antibody, and avidin-biotin peroxidase complex for 30 minutes at room temperature. Bound peroxidase was visualized after incubation with 0.05% diaminobenzidine under microscope in three minutes and the sections were rinsed with water. The sections were stained with eosin. After gradient alcohol dehydration and xylene transparent, the sections were mounted with neutral gum and examined under optical microscopy. Image-Pro Plus 6.0 software was used to analyze the integrated optical density of GFAP-positive cells.
Protein extraction
Once the behavior test after EA treatment was finished, and rats had been anesthetized with 10% chloral hydrate (0.3 g/kg, ip), the right dorsal horn of the lumbar enlargement (L4-L6) was dissected and immediately homogenized in icecold RIPA lysis buffer (R0020, Solarbio, China), with 1 mM phenylmethylsulfonyl fluoride, 1 mM phosphatase, and proteinase inhibitors (EDTA-free protease inhibitor cocktail, Roche, USA). The homogenates were centrifuged at 14,000 g for 15 minutes at 4°C, and the supernatant was collected. The protein concentration was measured using a BCA assay kit (Pierce Biotechnology).
Western blotting
Total 50 µg in each sample was boiled for three minutes in SDS-polyacrylamide gel electrophoresis sample buffer and subjected to SDS-polyacrylamide gel electrophoresis using 10% running gels and transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% bovine serum albumin in Tris-buffered saline with Tween 20 (50 mM tris-HCl at pH 7.5, 150 mM NaCl, and 0.1% Tween 20) for one hour at room temperature and then incubated overnight at 4°C with primary antibody (1:1,000) (ab7260, Abcam, UK). A peroxidase-conjugated goat anti-rabbit antibody (1:10,000) was used as the secondary antibody. The blots were examined with the lightening chemiluminescence kit (Piece). For analysis, the films were scanned and the optical density of specific bands was measured with quantity one protein 4.2 β-actin was used as a loading control.
ELISA
The levels of IL-6, TNF-α and IL-1β expression in the spinal dorsal horn were tested following the manual instruction of ELISA kits (rat IL-6 ELISA kit, 10403R-09; rat TNF-α ELISA kit, 10359R-09; rat IL-1β ELISA kit, 10623R-09, Shanghai Boyun Biotech Co., Ltd., China). In brief, a 96-well plate was filled with 50 µl serially-diluted standards together with 50 µl streptavidin-HRP, which were used to plot standard curves; and 40 µl test samples together with 10 µl antibody and 50 µl streptavidin-HRP were added in triplicates. After gentle mixing, the plate was incubated for 60 minutes at 37°C. The plate was held in washing buffer five times. Chromogenic substrates A and B were sequentially added (50 µl each) into each well, followed by incubation in the dark for 10 minutes at 37°C. Then 50 µl quenching buffer was added to each well. Absorbance (OD values) at 450 nm wavelength was measured by a microplate reader within 10 minutes, after adding the quenching buffer. A linear regression model was plotted based on the concentration of standards and respective OD values.
Statistical analysis
Values were represented as means ± SEM. The GraphPad Prism was used for statistical analysis. Two-way ANOVA followed by Bonferroni post hoc tests were used for behavioral data. One-way ANOVA followed by Newman-Keuls post hoc tests were used for immunohistochemistry, western blotting and ELISA data. The unpaired t test was used for ELISA data between the CCI+DPCPX+EA and CCI+DMSO+EA groups. Statistical significance was considered at p < 0.05.
RESULTS
Effects of DPCPX on the antinociceptive action of EA
The paw withdrawal threshold (PWT) did not differ from the baseline in the Sham-CCI group (p > 0.05). For the other groups, the PWT significantly decreased compared to the baseline, and was significantly lower than the Sham-CCI group on day seven (p < 0.01), suggesting that mechanical allodynia occurred after CCI surgery. For animals in the CCI+EA group (33.43 ± 4.97), the PWT was significantly higher than animals in the CCI group (23.04 ± 2.92), indicating that EA treatment attenuated the mechanical allodynia induced by CCI ( Figure 1A and B) .
The administration of DPCPX before EA significantly lowered the PWT in the right hind paw (20.38 ± 1.37 in the CCI+DPCPX+EA group and 29.72 ± 2.90 in the CCI+DMSO+EA group, p < 0.01, Figure 1A and B). These results indicated that DPCPX was able to blunt the antinociceptive effect of EA. The animals in the CCI+DPCPX group (20.75 ± 1.61) and CCI group (23.04 ± 2.92) did not show any differences in the PWT in the right hind paw (p > 0.05), suggesting that intrathecal injection of DPCPX alone did not influence CCI-induced mechanical allodynia ( Figure 1A and B) . Similar changes were observed in the paw withdrawal latency in response to thermal stimulation ( Figure 1C and D) .
Changes in GFAP expression in L4-L6 spinal cord
Increased expression of GFAP represents astrocyte activation. Stronger GFAP immunoreactivity was observed in the CCI group (0.0392 ± 0.0069) compared with the Sham-CCI group (0.0087 ± 0.0023, p < 0.01), suggesting that CCI induced astrocyte activation (Figure 2A, B and G) . The GFAP in the CCI+EA group (0.0126 ± 0.0009) exhibited less intense staining compared to the CCI group (p < 0.01), suggesting that EA attenuated CCI-induced astrocyte activation ( Figure 2B , C and G). The expression of GFAP was significantly increased in the CCI+DPCPX+EA group (0.0314 ± 0.0011) compared with the vehicle control group (0.0193 ± 0.0010 in the CCI+DMSO+EA group, p < 0.01), suggesting that intrathecal injection of DPCPX reversed the effect on the astrocyte activation of EA (Figure 2D , E and G). There was no significant difference in GFAP expression patterns between the CCI group and CCI+DPCPX group (0.0338 ± 0.0057, p > 0.05), suggesting that DPCPX alone did not influence GFAP expression pattern after CCI (Figure 2B, F and G) .
Expression of GFAP was significantly upregulated in the CCI group (3.61 ± 0.59) in comparison to the Sham-CCI group (1.35 ± 0.14, p < 0.05). In sharp contrast, the CCI+EA group (1.46 ± 0.15) showed significant decrease in GFAP expression compared with the CCI group (p < 0.05). The expression level of GFAP was significantly elevated in the CCI+DPCPX+EA group (3.15 ± 0.47) compared with the CCI+DMSO+EA group (1.45 ± 0.17), but the CCI+DMSO+EA and CCI+EA groups showed no difference (p > 0.05). The CCI+DPCPX group (3.74 ± 1.19) showed a higher level of GFAP expression, with no difference compared with CCI group (p > 0.05, Figure 3) .
Effects of intrathecal injection of DPCPX on cytokine content in the dorsal horn of L4-L6 spinal cord
The levels of IL-1β, IL-6 and TNF-α were significantly increased in the CCI group (20.23 ± 0.93, 35.27 ± 2.76 and 98.96 ± 7.52, respectively) compared with the Sham-CCI group (8.37 ± 1.14,15.05 ± 2.28 and 53.23 ± 4.21, respectively) (p < 0.01, Figure 4A , B and C). A significant reduction in IL-1β, IL-6 and TNF-α was observed in the CCI+EA group (12.66 ± 2.09, 18.48 ± 2.78 and 61.32 ± 11.34, respectively) compared with the CCI group (p < 0.01), suggesting that the expression of these cytokines is suppressed by EA treatment ( Figure 4A , B and C). Moreover, TNF-α was significantly higher in the CCI+DPCPX+EA group (76.93 ± 5.24) in comparison with the CCI+DMSO+EA group (54.57 ± 8.16, p < 0.05, Figure 4C ). The CCI+DMSO+EA group did not differ from the CCI+EA group (p > 0.05). These results suggested that A1R is involved in EA-induced TNF-α suppression. The CCI+DPCPX group showed a high level of cytokine expression, with no difference from the CCI group-suggesting that DPCPX alone did not influence CCI-induced cytokine upregulation ( Figure 4A , B and C).
DISCUSSION
In the present study, we administered intrathecal injections of DPCPX, a selective A1R antagonist, and examined the roles of A1R in EA using a CCI-induced neuropathic pain model. Our findings showed that DPCPX reversed the antinociceptive effects of EA, and A1R is involved in the antinociceptive effects of EA. The EA inhibited astrocyte activation in the spinal dorsal horn, and the DPCPX reversed this effect of EA, suggesting that A1R contributes to the EA effect on CCI-induced astrocyte activation in the spinal dorsal horn. Moreover, EA suppressed the elevated expression of TNF-α in the spinal dorsal horn after CCI, and this effect was abolished by DPCPX. These results suggest that A1R contributes to EA-mediated inhibition of astrocyte activation as well as TNF-α upregulation during neuropathic pain.
The mechanisms of neuropathic pain have been widely studied. Accumulating evidence has shown that astrocytes and microglia play essential roles in the induction and maintenance of neuropathic pain 14 . Both astrocytes and microglia contribute to the modulation of neuronal and synaptic activity and pain sensitivity; therefore, they may serve as therapeutic targets when treating chronic pain 15, 16 . Astrocytes are the most abundant glial cells in the CNS. In addition to the supportive functions, they play important roles in modulating neuronal synaptic function and neuronal excitability 17 . After painful stimuli and injuries, astrocytes are activated in the spinal cord in response to the released neurotransmitters/neuromodulators and inflammatory mediators. Inhibition of the proinflammatory cytokines released by activated astrocytes attenuates nociception 18 . A previous study reported that repeated EA treatments could suppress the elevated expression of IL-1β mRNA and TNF-α mRNA, but had no effect on IL-6 mRNA in the CCI model 19 . Our results showed that EA treatment suppressed the upregulated expression levels of TNF-α, IL-1β and IL-6 protein after CCI injury in the spinal cord. This suggests that EA could suppress the elevated proinflammatory cytokines in the spinal cord after nerve injury, which may contribute to the effect of EA in the treatment of neuropathic pain. The discrepancy in results is due to different acupoints and EA protocols.
The A1R is a Gi/o protein-coupled receptor, and thus inhibits the production of cAMP from ATP, stimulates potassium channels, reduces transient voltage-dependent calcium channels and activates phospholipase C. The A1R can also activate the extracellular signal-regulated kinase pathway, leading to downstream biological effects 20 . Both systemic and local administration of the A1R agonist has analgesic effects [21] [22] [23] . The effects of A1R in acupuncture analgesia have been reported in different models. In the complete Freund's adjuvant-induced inflammatory pain model, adenosine was released during acupuncture in the Zusanli acupoint, and the antinociceptive actions of adenosine required A1R expression, indicating that local A1R around the Zusanli acupoint mediates the effects of acupuncture 24 . In another study, Takano et al. 25 emphasized that acupuncture or needling in the wrong points did not result in adenosine release, much the same as not rotating the needle. Only when the needle was rotated, instead of being inserted, did adenosine concentration markedly increase
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. These studies did not examine the effect of A1R in the CNS. The A1R antagonist, rolofylline, suppressed EA-mediated analgesia in the complete Freund's adjuvant-induced inflammatory pain model 26 . Fibromyalgia-induced mechanical hyperalgesia was attenuated by EA, and this EA-based effect was abolished by rolofylline 27 . Attenuating the EA upregulation of ASIC3, Nav1.7, and Nav1.8 in both the spinal cord and dorsal root ganglion of fibromyalgia mice may have been one of the mechanisms, and this effect was A1R dependent 27 . In the present study, we examined the effects of A1R in a CCI-induced neuropathic pain model. Our results suggest that an intrathecal injection of the A1R antagonist wiped out the effect of EA-mediated inhibition of astrocyte activation, as well as its induced suppression of TNF-α upregulation.
In summary, we found that spinal A1R contributed to the inhibitory effects of EA on astrocyte activation as well as TNF-α upregulation. Our findings may shed light on the development of therapeutic targets for neuropathic pain.
